objective To investigate the transmission of faecal bacteria by flies to food under natural settings. methods Over a period of 2 months, paired (exposed and non-exposed) containers with cooked rice were placed on the ground in kitchen areas in an urban slum area in Dhaka, Bangladesh, and the numbers of flies landing on the exposed rice were counted. Following exposure, the surface of the rice was microbiologically and molecularly analysed for the presence of Escherichia coli and genes of diarrhoeagenic E. coli and Shigella strains.
Introduction
Ever since Wagner and Lanoix [1] published the F diagram in 1958, flies have been perceived as playing an important role in faecal-oral pathogenic transmission. Synanthropic filth flies, such as the houseflies (family Muscidae) and blowflies (family Calliphoridae), are by their reproductive and feeding habits in contact with faecal matter, waste and human consumables [2] [3] [4] . They are found in high densities in urban areas with unsanitary conditions, and studies on fly biology have shown that individual flies can cover large areas travelling up to 7 km over a period of 8 days [5] . Flies can carry human pathogens on the exoskeleton, legs, in mouthparts and in the intestinal tract [2] . Pathogens can then be transmitted by detachment from the exoskeleton, faecal deposition or regurgitation [6] . Many enteropathogens such as Campylobacter, Cryptosporidium, diarrhoeagenic Escherichia coli, Giardia lamblia, Norovirus, Rotavirus, Salmonella, Shigella and Vibrio cholerae have been isolated from flies in the field [6] [7] [8] [9] [10] [11] [12] . Many of these pathogens are amongst the leading causes of the 499 000 annual deaths in children below 5 years of age [13] . In urban slums in Bangladesh, a prevalence of 7 per 100 persons of diarrhoea in children under five has been reported, although this number is most likely an underestimation [14] . The mechanism of transmission of faecal contamination by flies to food has only been demonstrated under controlled, laboratory settings. To our knowledge, there is an absence of studies conducted in field to investigate the direct role of flies as vectors of faecal bacteria onto food.
Previous studies examining the potential of flies as vector of faecal bacteria can be divided into four categories: (i) Vector-based studies where faecal bacteria have been isolated from flies caught in field [7, 8, 11, 12, 15] ; (ii) transmission-based laboratory studies where house flies that had been fed or exposed to faecal bacterial inoculations were capable of transmitting the bacteria onto food and surfaces [12, [16] [17] [18] [19] ; (iii) observational cohort studies (two such studies found a positive correlation between fly density and diarrhoeal incidence in urban and rural households in India [8, 20] , and in Bangladesh, periods of peaks in fly density are followed by a peak in diarrhoea amongst toddlers [21] ); (iv) intervention studies, where fly control measures implemented in a specific area reduced fly density and diarrhoeal disease incidence in comparison with control areas where no such measures were implemented [22] [23] [24] .
Observational and intervention studies suggest that fly control could be a tool for diarrhoeal disease management, but this is based on the assumption that flies can transmit pathogens to food outside laboratory conditions. The lack of transmission-based studies field is in contrast to the numerous vector-based and transmission-based laboratory studies. This study aims to address this knowledge gap.
The objective of this study was to investigate and quantify the possible transmission of faecal bacteria by flies to food for human consumption in a natural setting and to detect possible diarrhoeagenic E. coli and Shigella strains transmitted by flies. The study was part of a Danish Aid (DANIDA) funded research project 'Combating Cholera Caused by Climate Change' (C5), a study focusing on the interaction between water quantity, hygiene and diarrhoeal disease in an urban slum in Dhaka, Bangladesh.
Materials and methods

Study area and period
The study was conducted in Arichpur (23°53 0 03Á9″N 90°24 0 31Á5″E), an urban slum of 1Á2 km 2 in northwest Dhaka, Bangladesh, with a population density of 100 000 per square km [25] . Typically, 10-15 families live in a compound sharing water sources, cooking and latrine facilities [25] , which are commonly located within a radius of 20 m (authors observation). Previous studies in Arichpur have indicated underdeveloped sanitation infrastructure [25] . In the area, flies have easy access to faecal matter and are found in high densities in the openair cooking areas.
Data for this study were collected twice a week from 2 November 2015 to 30 December 2015, after the end of the monsoon season, when temperatures ranged from 16 to 28 degrees Celsius and the weather was dry (<25 mm rainfall) [26] .
Ethical approval
Permission to work in each specific location was given by oral informed consent from the household. This study was approved by the University of Copenhagen, Denmark; the C5 study was approved by the Ethical Review Committee of the International Center for Diarrhoea Research, Bangladesh (research protocol number PR-14006).
Exposure and collection of rice samples
The experiment was conducted in, or close to, the communal cooking areas of the compound. The location for the experiment was selected based on observed presence of a large number of flies. Rice, which in Bangladesh is often stored after cooking and reserved without reheating, was selected as a food template for the study [27] . Chinigura aromatic sticky rice was purchased in the local market and cooked on the morning of the sampling day in a rice cooker without salt according to local recipe. Distilled sterile water was used for the purpose. Using a sterile spoon, 120 ml of cooked rice was transferred to each of ten sterile plastic containers ('Partex Lock & Safe', 450 ml, 121 cm 2 ), an even surface was made on the rice and the containers were closed with lids for transportation to the field. An additional spoonful (approximately 20 g) of rice was taken directly from the rice cooker as a control of contamination, put in a sterile plastic zip bag and placed in a cool box (4°C).
For the experiment, two rice containers without lids were placed at the same time 1 cm apart on the ground in the cooking area ( Figure 1 ). The pair included one container with exposed rice and one control container covered with a sterile insect net (13 9 13 cm cut from a non-insecticide-treated mosquito bed net purchased at a local market), fixed with a sterile rubber band. The containers were left for exposure for 30, 60, 90, 120, 150 or 180 min. The number of fly landings on the exposed sample during the exposure time was counted by a trained research assistant. The distance to the closest latrine was in the range of 1Á5 to 26 m. At the end of the exposure time, a sterile spoon was used to scrape off the surface of the rice to collect a spoonful of rice (approximately 20 g) from each rice container, which was put in sterile plastic bags. All samples were transported in a cool box (4°C) to the microbiology laboratory at Dhaka University for handling on the same day.
Microbiological analysis of faecal contamination
Each collected rice sample was mixed with sterile phosphate buffer saline (PBS) to make a 1:10 dilution and homogenised in a stomacher (Seward Stomacher â 80, Lab Biomaster, UK) for bacteriological analysis. Enumeration of thermotolerant E. coli was performed by spreading 500 ll of homogenised sample onto HiCrome ™ m-TEC Agar (Sigma-Aldrich, Fluka, India) followed by incubation at 44.5°C. After 24 h, deep pink or purple coloured colonies were counted as E. coli based on manufacturer's instructions.
Molecular identification of diarrhoeagenic E. coli and Shigella
Enrichment for DNA extraction and PCR was done on all control and exposed samples by adding 1 ml of homogenised rice sample to 9 ml nutrient broth (OXOID, UK) followed by incubation at 37°C. After 24 h, 1 ml of the nutrient broth incubated sample was taken for total DNA extraction and purification by boiling according to previously published techniques [28] . Conventional multiplex PCR for detection of diarrhoeagenic E. coli and Shigella was conducted using previously described primers (Table 1) and conditions [29, 30] . The ipaH primer was added to the eight primers described by Nguyen et al. [30] to detect EIEC/Shigella not harbouring the ial gene [29] . PCR reactions were performed in a thermal cycler (MJ Research PTC-200, USA) with a total reaction volume of 12Á5 ll containing 1 ll 109 PCR buffer including 20 mM MgCl 2 , 0Á2 ll of 10 mM deoxynucleoside triphosphates (dNTP) mix (Thermo Scientific, USA), 0Á05 ll of 5U Dream Taq DNA Polymerase (Thermo Scientific) per ll, 0Á625 ll of 25 lM of each primer, 2Á5 ll of template DNA and nuclease-free water up to 12Á5 ll. Amplicons were resolved for identity by 1Á5 % (w/v) agarose gel electrophoresis in 19 Tris-acetate-EDTA buffer. The products were visualised by an UV transilluminator (Gel Doc; Bio-Rad, USA) after staining with ethidium 
Collection, identification and microbiological analysis of flies
Only on the first sampling day, flies for species identification were captured using a sterilised sweep net. The collected flies were put in a sterile plastic bag and placed in the refrigerator for 30 min for immobilisation. The flies were transferred to a bottle with 75% (v/v) ethanol for transportation to Denmark. Identification was undertaken by the Natural History Museum of Denmark, University of Copenhagen, using published taxonomic keys [31, 32] .
Statistical analysis
Contamination on exposed and control samples was analysed by conditional logistic regression (P value <0Á05 was considered statistically significant) stratified by matched sample and controlling for distance to latrines and duration of exposure. CFU/fly landing was calculated by dividing the CFU from the total rice sample by the number of fly landings on the rice. Statistical analysis was performed in IBM SPSS Statistics 22 and R version 3Á2Á3.
Results
Exposure and collection of rice samples
A total of 66 paired exposed and control rice containers were sampled. Five pairs were excluded from further analysis either because chickens stepped in the exposed rice container or because no flies landed on the exposed rice. The remaining 60 pairs were included in the final data set. The number of sample pairs in the different time exposure groups was as follows: 30 min (n = 29), 60 min (n = 7), 90 min (n = 2), 120 min (n = 18), 150 min (n = 2) and 180 min (n = 2). Samples were collected at 11 locations, each location was visited one to five times, when one to four sample pairs were placed at the same time.
Microbiological analysis
All rice samples taken directly from the rice cooker were sterile. E. coli contamination in exposed and control samples is shown in Figure 2 . A total of 42 (70%) exposed samples were positive for E. coli (range: 22 to 10Á2 9 10 3 CFU/g) and 18 (30%) were negative. A total of 17 control samples (28%) were positive for E. coli (range: 20-4Á2 9 10 3 CFU/g) and 43 were negative (72%). Conditional logistic regression showed a significant difference (P < 0Á001, v 2 = 17Á97) between E. coli contamination (CFU/g>0) and no E. coli contamination (CFU/g = 0) on the exposed vs. the control samples. The odds of E. coli contamination on the rice were 5Á4 times (P < 0Á001, 95% CI: 2Á5-11Á7) greater if flies landed on the rice than if no flies landed on the rice. The mean contamination in the exposed samples (n = 60) was 3Á1 9 10 3 CFU/g (95% CI: 2Á2 9 10 3 to 4Á0 9 10 3 ), in the control samples (n = 60) it was 0Á2 9 10 3 CFU/g (95% CI: 0Á0 9 10 3 to 0Á4 9 10 3 ) and the difference in means between the two groups was 2Á9 9 10 3 CFU/g (95% CI: 1Á9 9 10 3 to 3Á8 9 10 3 ). In the exposed group, the mean contamination in the total sample (20 g), which is equivalent to approximately one tablespoon of cooked rice was 61Á7 9 10 3 CFU (95% CI: 43Á4 9 10 3 to 80Á0 9 10 3 ). In total, 4831 fly landings were counted on the 60 exposed samples. Half of the fly landings was in samples with an average of >0Á6 9 10 3 CFU per fly landing.
Molecular identification
Genes belonging to diarrhoeagenic strains of E. coli and Shigella were detected in 39 (65 %) of the 60 exposed rice samples. In five samples, two genes of two different strains of diarrhoeagenic E. coli were detected. The identified strains are shown in Table 2 .
Fly identification and microbiological analysis of flies
Of the 59 flies that were captured for identification, 48 were common houseflies (Musca domestica) and 11 were oriental latrine flies (Chrysomya megacephala).
Discussion and conclusion
With the odds of E. coli contamination on the rice being 5Á4 (P < 0Á001, 95% CI: 2Á5-11Á7) greater on exposed rice versus non-exposed, the study indicates a direct role of flies in the transmission of faecal bacteria to food and a higher risk of faecal contamination on food if flies land on it, than if no flies have landed on it. The mean contamination on the exposed rice samples was 3Á1 9 10 3 CFU/g (95% CI: 2Á2 9 10 3 to 4Á0 9 10 3 ). However, many samples had no contamination despite having up to 62 fly landings, suggesting that many flies may not have carried E. coli bacteria. This accords with previous vector-based studies that have reported varying bacterial carriage amongst flies [8, 11, 12] .
Although the average of E. coli carriage per fly landing calculated in the present study does not account for E. coli carriage variability in flies and therefore might represent a very simplified description of the true variability, the fact that half the fly landings occurred in samples with >0Á6 9 10 3 CFU per fly highlights the importance of the fly pathway compared to the other pathways in the F diagram. A laboratory study reported an average of 1 9 10 3 CFU E. coli transmitted per fly landing [17] , which is within the range of the average CFU/fly landing observed in the present study. Microbiological and molecular analysis of the presence of E. coli on captured flies could further have supported our findings and provided a direct evidence that E. coli carried by flies are responsible for the contamination of exposed rice. This was beyond the scope of the study and is suggested as future research.
A relatively large number of controls (17 of 60, range: 20 to 4Á2 9 10 3 CFU/g) was contaminated by E. coli. Samples were placed directly on the ground in small kitchen areas with a lot of movement of both people and animals and dust or water drops could fall on both exposed and control rice. Flies landing on the net covered Number of samples with diarrheagenic Escherichia coli or Shigella strains and proportions (%) out of the total sample number (n = 60). Identification criteria are as described by Nguyen et al. rice could defaecate or regurgitate through the netting, thereby contaminating the unexposed rice, but this was not measured in the current setup. These sources of contamination could not be eliminated given the circumstances of a field study in this specific location. However, both control and exposed rice samples were equally exposed to these sources of contamination; therefore, the difference in contamination between the two groups can likely be explained by landing of flies on the exposed rice. It should be kept in mind that the some of the reported bacterial contamination on the exposed rice in the present study may be due to other sources than flies. Conversely, it is possible that some of the negative findings for E. coli contamination were the result of contamination missed by the sampling technique, which would bias our results. However, the strength of the association between the exposure status and the presence of E. coli, and the fact that the same sampling technique was used on both exposed and unexposed samples, suggests that this limitation would not change our underlying conclusions.
The number of rice containers at each site and number of revisits at each site varied due to size of kitchen and to limit the nuisance for the individual families. This results in a source of variation in the study. However, we suggest that as we were able to compare cooked rice samples on which flies could land against samples that were protected from flies, while controlling for several potential contextual confounders, our central conclusions are not invalidated by this limitation.
Molecular identification in the present study provides knowledge of strains of diarrhoeagenic E. coli and Shigella present in the environment and transmitted by flies in this specific location. Several genes of diarrhoeagenic strains were detected. The dominant strain was ETEC which was detected in 41Á7 % (n = 25) of the exposed rice samples, which is one of the most prevalent pathogens causing diarrhoea in children under five in the world [13] . EAEC, EHEC, EPEC, ETEC and Shigella have previously been isolated from flies in vector-based studies [7, 8, 11, 12, 33] . The differentiation between EIEC and Shigella by molecular methods was beyond the scope of this study as evident in the presentation of results.
To summarise the findings, the study shows that flies attracted to cooked rice and provides empirical evidence of transmission of E. coli, and possibly other faecal pathogens, by flies to food for human consumption in a field setting. Even though findings in this study are area and time specific and cannot directly be transferred to other settings, it is an important finding that supports the theory that flies can act as direct vector of diarrhoeagenic pathogens. This suggests that other enteropathogens previously isolated from flies in field could also be transmitted to food through the same pathway.
The result of this study suggests that protecting the rice by covering it with an insect net is an effective preventive measure to reduce faecal contamination. These findings support previous research indicating that fly control measures can reduce diarrhoeal incidence [22] [23] [24] . Control measures to reduce fly numbers and flies' access to food such as fly nets and fly traps need to be implemented to ensure food safety.
The relative importance of fly transmission compared to other pathogen routes of transmission needs to be investigated. The importance of distance from latrine facilities to kitchen areas, the quantity of flies at the sampling sites and relating diarrhoeal cases and abundance of flies is suggested for future research. This knowledge is important for risk analysis and for adopting and designing prevention strategies, especially when time or resources limit the number of possible interventions. This study brings new knowledge that can be useful in practical settings for diarrhoeal disease management strategies and provides a foundation for further research on the role of flies in the spread of diarrhoeal disease.
